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ABSTRACT

Modeling free convection heat
transfer in an cylindrical annular
enclosure is still an active area
of research and an important
problem to be addressed in the
high level nuclear waste
repository. For the vertically
emplaced waste container, the air
gap which is between the container
shell and the rock borehole, have
an important role of dissipating
heat to surrounding rock. These
waste containers are vertically
emplaced in the borehole 300
meters below ground, and in a
horizontal grid of 30 X 8 meters
apart. The borehole will be capped
after the container emplacement.
The expected initial heat
generated is between 3 - 4.74 kW
per container depending on the
type of waste. The goal of this
study is to use a computer
simulation model to find the
borehole wall, air-gap and the
container outer wall temperature
distributions. The borehole wall
temperature history has been found
in the previous study1, and was
estimated to reach a maximum
temperature of about 218 °C after
18 years from the emplacement. The
temperature history of the rock
surface is then used for the air-
gap simulation. The problem
includes convection and radiation

heat transfer in a vertical
enclosure. This paper will present
the results of the convection in
the air-gap over one thousand
years after the containers'
emplacement. During this long
simulation period it was also
observed that a multi-cellular air
flow pattern can be generated in
the air gap.

INTRODUCTION

The thermal problem in the
borehole of the high level nuclear
w ate repository is one of heat
transfer in an enclosed vertical
concentric cylindrical annulus.
The overall problem includes heat
conduction, convection, and
radiation. The heat transfer and
temperature distribution around
the container, will affect the
design of the nuclear waste
container and how close one can be
locate different containers in a
horizontal plane.

A literature search of
previous studies done for heat
transfer in the vertical
concentric cylinders shows there
were only a few studies which have
been done in this geometry and
under different boundary
conditions than what is imposed in
this study. For instance some
papers have dealt with a
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relatively low heat flux on the
inner cylinder,a or the
temperature difference between the
two cylinders is small and the
temperature is uniform but
different on each cylindrical
surface.3 in some cases the
cylinder(s) is/are spinning, 3'4'5>s'7
or the air-gap in between the
cylinders is not closed,3 so the
air-flow pattern can be easily
generated. A new study appeared7
in which natural convection in a
heated annulus with a constant
heat flux is applied to the inner
cylinder while the outer cylinder
is insulated. The paper was mainly
interested in applying weakly
nonlinear instability theory to
the problem. No radiation effects
were considered in that study.
From all the previous studies, the
last study3 i3 the most realistic
study that relates to the high
level nuclear waste repository.

Canister
Wall

Air Gap

Borehole
Wall

Figure 1. Problem Layout

In our study, the problem is
set-up as a axis symmetric heat
convection and radiation problem,
with the temperature on the rock
wall as one of the boundary
conditions, and a uniform heat
flux from the waste container wall
as another (see Figure 1. \. For
comparison a convection only
problem with the same set-up was
simulated. The results of this
simulation will be used for later
to solve the radiation and
convection problem.

PHYSICAL PROBLEM DESCRIPTIOH

In this study, an axis-
symmetric problem has been set-up.
From a previous transient heat
conduction study, the temperature
history on the rock wall was
obtained. Since the air thermal
inertia is much less than the
rock, therefore it reaches its
steady state very fast. So instead
of solving the transient problem
for the air gap, a fifteen steps
steady state solution was used to
obtain air gap temperature
profiles over one thousand years.
Figure 2 shows the temperature
history of some nodes on the rock
borehole wall which are used as
one of the boundary conditions for
the air gap problem. Figure 3
shows the history of thermal
output for the PWR and BWR spent
fuel.

The set up for this problem
is a thin (5 cm) air gap in
between an annulus of the waste
container shell and the borehole
wall. Uniform heat flux was
imposed on the container shell
with a temperature boundary on the
borehole wall.These boundary
conditions are imposed regarding
the vertical walls. The top and
bottom ends of the air gap
enclosure are assumed adiabatic.
The height to width air gap ratio
is about 80:1. For each step of



the simulation, a set of the
correlated heat flux and rock wall
temperature was used. In the final
analysis a fifteen step solution
will represent the transient
solution in the air gap for a
thousand years.

Figure 2. Plot of the Temperature
History on the Borehole Wall.
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Figure 3. PWR and BWR Spent Fuel
Thermal Out-Put.

graduated spacing of element mesh
was generated (finer mesh was used
for the fluid elements near the
wall, see Figure 4 for part of the
mesh plot), the mesh contained
2200 elements and 9261 nodes.
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Figure 4. Sample of Air Gap Mesh

The general equations that
were solved by FIDAP for strongly
coupled flow are:

continuity equation:

(1)

momentum equations:

Su. du_ du.

dz

(2)

NUMERICAL MODEL

FIDAP (Fluid Dynamics
Analysis Package), a finite
element package, is used to
simulate this problem. Laminar
flow was expected, and verified by
Ra (Rayleigh number £l07)so a nine
nodes quadrilateral element was
selected. To capture the details
of the fluid movement, a very fine

du. du du.

(3)



(4)
cr

61B, du.

TfT?

(5)

(6)

«a~p
au.

energy equation:

(8)

where p is the density, c? is the
specific heat of, k is the heat
conductivity, ur and u. are the
fluid velocity components, a^ is
the stress tensor, /3 is the volume
expansion coefficient, T is the
temperature.

For a strongly coupled
problem, the whole set of the
above equations has been solved.
The properties of air are
constant. In FIDAP, the penalty
function was used in steady state
natural convection simulation.

S i n c e d i m e n s i o n l e s s
formulation of problem has many
significant advantages the above
problem was solved in
dimensionless form. Table 1 in
below shows the list of the
dimensionless properties:

Quantity

Density

Viscosity

Specific Heat

Conductivity

Capacity

Diffusivity

Volume

Expansion

Setting

Cr^2

1

Pr

1

Sc

Grr^2

1

Table 1 Dimensioniess Quantity

RESULTS

For the complete simulation
where heat convection only is
considered, the solution had to be
built from lower Rayleigh numbers
to higher ones. (i.e. from lower
to high canister heat fluxes).
Which means higher Ra number will
be encountered in the early years
due to higher heat flux and higher
rock wail temperature. The same
strategy will be used for later
radiation simulation. So the
simulation was started at the end
of the thousand years after the
containers were emplaced to allow
for a gradual buildup of the
temperature profiles and fluid
velocities at each time step. The
range of Rayleigh number
encountered is from 1.6e+> at the
beginning to 1.8s+5 at the end of
a thousand years which is
essentially laminar.



The solution in this air gap
problem shows initially a single
cell air flow pattern and then
gradually changes to a multi
cellular flow pattern solution.
When it is in the single cell
stage, it yields a higher
temperature profile in the air
gap, but as the simulation
proceeded further, the multi
cellular flow pattern starts to
appear. And this multi cells
solution is more stable (i.e.
letting the simulation go further
will not yield another forms of
solution, nor even go back to the
single cell solution), therefore
the multi cells solution is the
realistic solution. Figure 5
demonstrate the temperature
profiles on the container wall for
the multi cellular flow solution
at the first steps of the
simulation. Each of those local
peak represent the junction
between the two air cells.

In this study, the number of
:ells in the air gap decreases as
;he solution buildup (Ra
Increases). This situation was
ilso found in Gill13 study on air
flow in vertical rectangular
:avity. Figure 5, 6, 7, 8 show
:here are 11 cells in the air gap
rhen the Ra number is low, and
:hen decreases to 4 cells as the
la gets higher. Figure 9 shows the
velocity vector plot of a portion
if the air gap. Figure 10 is the
streamline contour plot of the
:ame area. Figure 11 is the
:emperature plot of the same
tondition. These three plots
[emonstrate the relationship
letween the air flow pattern and
.ts temperature profiles. Two air
low ceils can be seen in this
dots.
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Figure 5 Temp. Plot on Canister
Wall (Ra»8.8e4)
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Figure 6 Temp. Plot on Canister
Wall (Ra»1.9e9)
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Figure 7 Temp. Plot on Canister
Wall (Ra-3.0e5)
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Figure 8 Temp. Plot on Canister
Wall fRa«3.6e5)
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Figure 9 Velocity Vector Plot at
Mid-High of the Air Gap (Ra«3.0e5)
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Figure 10 Streamline Contour Plot.
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Figure 11 Temp. Contour Plot.

CONCLUSIONS AND FUTURE WORK

Sines the main heat transfer
mechanism in this problem, is the
heat radiation, therefore the
completed result should included
the radiation heat transfer. Due
to the highly nonlinearity of the
radiation simulation the
converging of the radiation
problem is more time consuming. In
this study, only heat convection
simulation was completed, and the
combine radiation and convection
is still in process. Due to the
absence of radiation, the
temperature difference between the
rock wall and the canister shell
is high {i.e. AT^-208 K), with
radiation this difference should
decrease significantly. The result
of the whole problem will be
presented in the near future.

Reference

1. S. F. MOUJAES, Y. LEI, "Heat
Transfer in Vertical Concentric
Cylinders in a High Level Nuclear
Waste Repository," Proceeding of
Four Annual High Level Radioactive
Waste Management Conference, pp
1797-1804, Published by ANS and
ASCE (1993)

2. H. R. NAGENDRA, M. A.



TIRUNARAYANAN, A. RAMACHAANDRAN,
"Free Convection Heat Transfer in
Vertical Annuli," Chemical
Engineering Science. Vol.25, pp
605-610 (1970)

3. M. A. I. EL-SHAARAWI, A.
SARBAN, "Developing Laminar Free
Convection in an Open ended
Vertical Annulus with a Rotating
Inner Cylinder," Transactions of
the ASME Journal of Heat Transfer.
Vol.103 (Aug. 1981)

4. M. A. I. EL-SHAARAWI, A.
SARHAN, "Combined Forced-Free
Laminar Convection in the Entry
Region of a Vertical Annulus with
Rotating Inner Cylinder,"
International Journal of Heat and
Mags Transfer, Vol.25. No.2. Feb.
(1982)

5. M. A. HESSAMI, G. DE VAHL
DAVIS, E. LEONARDI, J. A. REIZES,
"Mixed Convection in Vertical,
Cylindrical Annuli," Journal Heat
Transfer. Vol.30. No.l, pp 151-
164, (1987), Printed in Great
Britain.

6. T. HANZAWA, K.
Transfer by Natural
Between Vertical
Concentric Cylinders
Cylinder Heated
I n t e r n a t i o n a 1

KATO, "Heat
Convection
Enclosed,

with Inner
Locally,"

C h e m i c a l
Engineering. Vol.24. No.4, (Oct.
1984)

7. M. M. SOROOR, M. A. TEAMAH,
"Natural Convection between
Vertical Concentric Cylinders,"
Thermal Sciences 16; Proceeding of
the 16 Southeastern Seminar

9. G. L. JOHNSON, 0. N. MONTAN,
"Thermal Performance of a Buried
Nuclear Waste Storage Container
Storing a Hybrid Mix of PWR and
BWR Spent Fuel Rods," Report UCID
21414. Lawrence Livermore National
Laboratory. (Sep. 1988)

10. L. S. COSTIN, S. J. BAUER,
"Thermal and Mechanical Codes
First Benchmark Exercise Par I:
Thermal Analysis," Sandia Report.
SAND88-1221. UC-814. (Jun. 1990)

11. B. GEBHART, Y. JALURIA, R. L.
MAHAJAN, B. SAMMAKIA, Buovancy-
Induced Flqws and Transport.
Hemisphere Publishing Corporation,
ISBN 0-89116-728-5, New York,
(1988)

12. R. SKAGGS, S. MOUJAES, Y.
LEI, V. V. GOPAL, "Thermal and
Metallurgical Considerations of a
Novel Design for the Nuclear Waste
Container," Proceeding Nuclaar
Waste Packaging Focus 91. AffS
publication, pp 153-159 (1992)

13. A. E. GILL, J. Fluid Mech...
pp 26, 515. (1966)

8. B. B. ROGERS, L. S. YAO,
"Natural Convection in a Heated
Annulus," International Journal
Heat and Mass Transfer. Vol.36,
Ko.l. pp 35-47, (1993)


